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Using Dynamic Force Spectroscopy to Study G-Quadruplex Disruption
Jen-Chien Chang, Michel de Messieres, Arthur La Porta.
Guanine-rich sequences in nucleic acids tend to fold into G-quadruplexes, in
which guanines form stacked tetrads stabilized by hydrogen bonding and metal-
lic ions. This structure is present in eukaryotic telomeres as well as the promoter
region of genes, playing a regulatory role in various biological processes. Prac-
tically, it is also a target for drug delivery in cancer therapy. From a fundamental
point of view, the kinetics of G-quadruplex needs to be studied in detail. To
probe its structural stability, we apply optical tweezers and disrupt a single mol-
ecule of DNAG-quadruplex in vitro. Dynamic force spectroscopy is employed,
in which the distribution of rupture forces for different force-loading rates are
measured. By fitting the force distribution curve to a theoretical model, height
and distance of the barrier in the energy landscape are extracted, providing an
insight into the unfolding process of G-quadruplex.
2617-Pos Board B603
Full Reconstruction of a Vectorial Protein Folding Pathway by Afm and
Smd: Insights Into the Co-Translational Folding of the Nascent-Polypep-
tide-Chain
Whasil Lee, Xiancheng Zeng, Huan-Xiang Zhou, Vann Bennett,
Weitao Yang, Piotr Marszalek.
Duringco-translational folding, thenascent-polypeptide-chain (NPC) is extruded
sequentially from the ribosome exit tunnel and under severe conformational con-
straints dictated by its 1D geometry. Here, we combine single-molecule atomic
force spectroscopy and steered molecular dynamics simulations to examine pro-
tein folding in the presence of 1D constraints that are similar to those imposed on
theNPC. The simulations exquisitely reproduced the experimental unfolding and
refolding force extension relationships and led to the full reconstruction of the
vectorial folding pathway of a large polypeptide, the 253-residue consensus an-
kyrin repeat protein, NI6C. We show that fully stretched and then relaxed NI6C
starts folding by the formation of local secondary structures followed by the nu-
cleation of three N-terminal repeats. This rate-limiting step is then followed by
the vectorial and sequential folding of the remaining repeats. However, after par-
tial unfolding, when allowed to refold, the C-terminal repeats successively re-
gained structures without any nucleation step, by using the intact N terminal
repeats as a template. These results suggest a pathway for the co-translational
folding of repeat proteins and have implications for mechanotransduction.
2618-Pos Board B604
Force Spectroscopy of Add Adenine Riboswitch Aptamer Folding Reveals
Multiple Intermediate and Misfolded States
Krishna P. Neupane, Hao Yu, Daniel A.N. Foster, Feng Wang,
Michael T. Woodside.
Riboswitches regulate genes expression through ligand-induced conforma-
tional changes. The folding of the add adenine riboswitch was investigated
by repeatedly unfolding and refolding single aptamer molecules held under ten-
sion with optical tweezers. Multiple partially-folded intermediate states were
identified from force-extension curves and folding trajectories at constant
force, and characterized by measuring the associated molecular contour length
changes, kinetics, and energetics. These states were correlated to essential
structural components and interactions in the aptamer in a hierarchical folding
pathway. In particular, the transition state for unfolding the ligand-bound ap-
tamer involved the disruption of triplex helix-junction near the adenine binding
pocket. The action of this riboswitch as a translational regulator (1) is found to
be determined by the thermodynamic properties of the riboswitch, not by its ki-
netic properties as for the similar pbuE adenine riboswitch (2). In addition to
on-pathway intermediates, several off-pathway, ‘‘misfolded’’ states were also
observed and characterized. These results extend our understanding of the me-
chanics of RNA structure formation, the effects of multiple folding pathways,
and the relation between folding and function in riboswitches.
(1) Serganov, A., Yuan, Y.R., Pikovskaya, O., Polonskaia, A., Malinina, L.,
Phan, A.T., Hobartner, C., Micura, R., Breaker, R.R., and Patel, D.J. Structural
Basis for Discriminative Regulation of Gene Expression by Adenine- and
Guanine-Sensing mRNAs. Chem. Biol. 11: 1729-1741 (2004).
(2) Greenleaf, W.J., Frieda, K.L., Foster, D.A.N., Woodside, M.T. & Block,
S.M. Direct Observation of Hierarchical Folding in Single Riboswitch Ap-
tamers. Science 319, 630-633 (2008).
2619-Pos Board B605
Changes in Mechanical Properties Occur During Differentiation Within
the Oligodendrocyte Lineage
Anna Jagielska, Adele Norman, Graeme Whyte, Robin J.M. Franklin,
Jochen Guck, Krystyn J. Van Vliet.
Myelination, the process in which the myelin sheaths are formed around axons, is
critical for the efficient transmission of nerve impulses andmaintenance of axonalintegrity in the central nervous system. Myelin sheaths are made by oligodendro-
cytes,which arederived fromaneural stemcell called anoligodendrocyteprogen-
itor cell (OPC). The mechanism of differentiation and causes of differentiation
failure that limit oligodendrocyte regeneration in demyelinating diseases are in-
completely understood.OPCs are subjected tomechanical strain, aswell as chem-
ical cues during their differentiation into a myelinating phenotype, especially
when contacting growing axons during development. We hypothesize that me-
chanical strain plays a role in oligodendrocyte differentiation. Here, we character-
ize the viscoelastic properties of livingOPCs and differentiated oligodendrocytes
using atomic forcemicroscope-enabled nanoindentation. Changes of cell compli-
ance during the course of differentiation could alter the susceptibility of cells to
external mechanical stress, as well as their adhesion and migration properties.
Our results indicate that while populations of both cell types reveal a large varia-
tion of average cell stiffness, ranging from 0.5 to 20 kPa, the differentiated cell
population contains a large subpopulation (65%) of significantly stiffer cells.
These results indicate mechanical signatures within the oligodendrocyte lineage
as a function of differentiation state, and provide a baseline for ongoing explora-
tions of mechanically induced differentiation of this stem/progenitor cell.
2620-Pos Board B606
Electrostatic Effects of Multivalent Salts on SsDNA Elasticity
Dustin McIntosh, Omar A. Saleh.
Nucleic acids are highly-charged polyelectrolytes whose structure and function
strongly depend on the concentration and type of salt ions in solution. We have
created a simple experimental system for studying interactions between nucleic
acids and salt ions, based on magnetic-tweezer measurements of the elasticity
of single denatured ssDNA molecules in solutions with a known salt concentra-
tion. Using this system, we were able to reconcile single-molecule force-exten-
sion data with scaling theories of self-avoiding polymers, and we found that the
Kuhn length of ssDNA scales with the Debye length in NaCl solutions (Saleh
et al., PRL 102, 068301 (2009)). Here, we use the system to investigate inter-
actions of ssDNA with multivalent salts. We find that, in divalent salt, ssDNA
elasticity is qualitatively similar to that in monovalent salt, but with significant
quantitative differences. Notably, at low ionic strength, ssDNA in divalent salt
maintains the same low-force scaling behavior (‘Pincus blob’ regime) as seen
in monovalent salts. However, there are differences in the elastic behavior at
high forces (> a few pN). In addition, analysis of the low-force scaling behav-
ior indicates it requires ~100 fold smaller concentrations of divalent salt to con-
dense ssDNA. We discuss the data in the context of electrostatic theories,
including Debye-Huckel, as well as bulk experiments on similar systems.
2621-Pos Board B607
Nanomechanics of Collagen Type I Fibrils using Afm
Himanshu K. Verma, William G. Matthews.
By mass, collagen is the most abundant protein found in mammals. The fibril
forming collagens self-organize, forming hierarchical structures from the molec-
ular collagen building blocks. In particular, type I collagen provides the mechan-
ical structure for such tissues as bone, dentin, ligament, tendon, cornea, as well as
many soft tissue matrices. The wide range in mechanical properties evidenced by
tissues provokes the question of how do they develop from essentially the same
scaffoldingmaterial? To understand this process, themechanics at themolecular,
fibrillar, andwhole tissue levelsmust be characterized fully and connected. It is at
the fibrillar level the presented work was focused. Atomic force microscopy was
used to perform force spectroscopy on individual type I collagen fibrils under
varying solution conditions, including pH and ionic strength. Results from paral-
lel studies at themolecular scalewere used to interpret the data. The outcomes are
of interest to thefieldsof cell differentiationand tissue engineering, amongothers.
2622-Pos Board B608
Probing the Viscoelasticity of Collagen Solutions with Optical-Tweezers-
Based Microrheology
Marjan Shayegan, Nancy R. Forde.
Type I collagen is the major fibrillar protein of connective tissues and is well
known for its broad range of functions throughout the body. Individual triple he-
lical collagen molecules undergo self-assembly to form higher-order structures
including fibrils and networks. Since this process is strongly dependent on tem-
perature, pH and ionic strength, it is believed that electrostatic, hydrophobic and
entropic interactions are the main forces which direct fibril formation.
Determining the mechanical behavior of collagen systems, from molecules in so-
lution to a network of entangled chains, provides an understanding of the physical
and chemical interactionsbetween collagenchains thatmaycontribute tofibril for-
mation.Toprobe themicron-scale viscoelasticity of collagen solutions,weuse op-
tical tweezers and measure the local Brownian motion of an embedded probe
particle. Fromhigh-bandwidthmeasurements (up to 100 kHz) of the particle’s dis-
placement, we obtain the local complex shear modulus of collagen solutions. In
this study, we probe the concentration dependence of viscoelastic response and
484a Tuesday, March 8, 2011find that elasticity becomes comparable to viscous behavior at collagen concentra-
tions of 5mg/ml. By varying electrostatic interactions in the system, we demon-
strate the role they play in conferring elasticity to collagen solutions.
2623-Pos Board B609
Molecular Mechanics of Type I Collagen
Stephanie L. Holdener, Heather M. Harper, William G. Matthews.
Understanding the development of extracellular matrix (ECM) mechanics is of
great importance for those interested in cell differentiation and tissue engineer-
ing. Collagen is responsible in large part for the mechanical properties of the
ECM, and this is especially true for the collagenous tissues formed from type I
collagen fibrils. Studies of the flexibility of collagen at the molecular scale
have been underway for some time. However, detailed knowledge of how the
flexibility of type I collagen molecules varies within the molecule has not
been experimentally investigated to date. The collagenmolecules largely are tri-
ple helicies, though non-helical domains are plentiful. Do these non-helical do-
mains result in ‘hinges’, where the flexibility dramatically increases locally? Or
are these small perturbations from the persistence length determined by the he-
lical domains? To address these questions, we have developed a technique that
maps the deviation from a straight path along the molecular length as imaged by
atomic force microscopy. This deviation reflects the local flexibility of the mol-
ecule. We then are correlating these maps between molecules, seeking to assign
local flexibilities to the known amino acid sequence.
2624-Pos Board B610
Experimental Validation of Free Energy Landscape Reconstructions from
Non-Equilibrium Single-Molecule Pulling Experiments
Abhilash Vincent, Amar Nath Gupta, Krishna Neupane, Hao Yu,
Michael Woodside.
Force spectroscopy techniques have been widely used to understand the struc-
tural and elastic properties of proteins and nucleic acids, examining in particular
the conformational changes associated with folding and unfolding transitions.
The free energy landscapes governing these transitions are important for
understanding folding but difficult to measure experimentally. It has been dem-
onstrated that non-equilibrium single-molecule force spectroscopy measure-
ments can be used to reconstruct the profile of the equilibrium free energy
landscape, by employing an elegant extension of the Jarzynski equality. Al-
though this method has been previously applied to experiments and simulations,
it has not yet been validated through quantitative comparisons to equilibrium
measurements of the free energy landscape profile. Here, we are validating
this method through force-extensionmeasurements conducted on DNA hairpins
exhibiting distinct, sequence-dependent folding landscapes.Wefind that the free
energy profiles obtained from non-equilibrium pullingmeasurements agree well
with the landscapes obtained from equilibrium measurements conducted under
constant force. We also investigate the application of the non-equilibrium
method to systems with multiple folding intermediate states, through force-
extension measurements of an adenine riboswitch aptamer with 5 distinct states.
2625-Pos Board B611
Unstressed Off-Rate Determination from Multiple Bond Rupture
Vijay K. Gupta, Charles D. Eggleton.
Using dynamic force spectroscopy to measure the kinetic off-rates of intermo-
lecular bonds currently requires the isolation of single molecules. This require-
ment arises in part because no tractable analytic method for determining kinetic
off-rates from the rupture of a large number of bonds under dynamic forces is
currently available. We introduce a novel method for determining the un-
stressed off-rate from dynamic force spectroscopy experiments involving
a large number of bonds. Using both the Dembo and Bell models we show
that the unstressed off-rate calculated using the proposed method is in good
agreement with the prescribed unstressed off-rate used in Monte-Carlo simula-
tions off multiple bond dynamic force spectroscopy experiments given initial
number of bonds (50-500) and loading rate 103-106 pN/s. The results indicate
that the error in proposed method decreases as the number of bonds increases.
2626-Pos Board B612
Crack Propagation on Networks: A Model for Protein Unfolding
Adam M.R. de Graff, Gareth Shannon, Daniel W. Farrell,
Philip M. Williams, Michael F. Thorpe.
The manner in which proteins respond under an applied force is of direct bio-
logical significance, as a complete understanding of the mechanical, regulatory
and signaling properties of many proteins depend not only on their native state
conformations, but also on the nature of partially unfolded intermediate states
that become populated under an applied force.
The inability of molecular dynamics simulation to reach timescales probed ex-
perimentally has led some to use coarse-grained elastic network models to
study unfolding properties. While computationally efficient, these models
have been limited to the study of the native state.Building on a recently developed method called geometric targeting [1], we use
a constraint-based, all-atom representation to generate complete unfolding path-
ways. The model uses a simplified potential to maintain proper stereochemistry
and representshydrogenbonds, salt bridgesandhydrophobic interactions asbreak-
able inequality constraints. By iteratively increasing the extension of a protein and
breaking constraints according to a set of simple rules, we demonstrate that the
simple and intuitive model of protein unfolding as crack propagation on a con-
straint network is sufficient to capture the unfolding pathways and experimentally
observed intermediates of a diverse set of proteins far from their native states.
[1] Farrell, D. W., K. Speranskiy, and M. F. Thorpe. 2010. Generating stereo-
chemically acceptable protein pathways. Proteins: Structure, Function, and Bi-
oinformatics 78:2908-2921.
2627-Pos Board B613
Computational Modeling Predicts Novel Collagen Conformations During
Mechanical Loading
Jonathan W. Bourne, Peter A. Torzilli.
Collagens contribute to the mechanical strength of many tissues throughout the
body and are generally resistant to ezymatic degradation. As structural proteins,
collagens often experience in vivomechanical forces such as expansion and con-
traction of blood vessels and tension on tendons and ligaments. Collagen cross-
linking, which enhances the strength of these structural networks, occurs during
tissue development and aging. While much is known about the structure of col-
lagen, there is a paucity of data describing how mechanical force transmitted
across these crosslinks affects molecular conformation. We hypothesized that
mechanical force applied perpendicular to the long axis of the collagen triple he-
lix will result in bending and microunfolding of the triple helix structure. To test
this we used SteeredMolecular Dynamics to model the conformation of a colla-
gen peptide when subjected to perpendicular forces. In silico loading predicted
that the collagen peptide had minimal resistance to bending, and exhibited in-
creased curvature with no distinct disruption of the characteristic triple helix
at low forces. As force increased, we observed that the helix began to fail and
underwent a microunfolding event, where a loop pulled out from the complex.
This local triple helix disruptionwas predicted to occur belowcovalent bond fail-
ure strength, suggesting that alternative molecular conformations occur within
the molecule as structures are loaded before the onset of structural failure. We
speculate that these changes may represent nano-damage to the structure and
be amechanism for energy storage and dissipation. Furthermore, these predicted
conformational changes would precede macroscopic damage mechanisms.
2628-Pos Board B614
Effect of Rapamycin on Filamentous Fungal Cell Walls
Usha Sripathineni, Bill J. Moss, Liming Zhao, Robert W. Roberson,
David Schaefer, Mark R. Marten.
Filamentous fungi are widely used in the bioprocess industry to produce a vari-
ety of products resulting in billion dollar returns. Often times in industrial bio-
processes, fungi experience nutrient limitation, and we hypothesize that
autophagy, a nutrient starvation response, is induced. We further hypothesize
that autophagy leads to changes in the mechanical properties of filamentous
fungal cell walls, resulting in thinner, weaker and stiffer walls. We test this hy-
pothesis here, using rapamycin (an immunosuppressant drug) to gratuitously
induce autophagy in the model fungi Aspergillus nidulans. Atomic force mi-
croscopy (AFM) is used to assess the mechanical properties of the cell wall,
electron microscopy is used to assess wall thickness and a novel fragmentation
assay is used to determine relative tensile strength of the culture. We will report
on these studies and how they support our hypotheses.
Biotechnology & Bioengineering I
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Nanocluster Beacon (NCB): A DNA-Silver Nanocluster Probe that Fluo-
resces upon Hybridization
Hsin-Chih Yeh, Jaswinder Sharma, Jason J. Han, Jennifer S. Martinez,
James H. Werner.
Oligonucleotide-templated silver nanoclusters (DNA/Ag NCs) are an emerging
set of fluorophores that have seen applications in cellular imaging and chemi-
cal/biological detection. Recently we discovered the red fluorescence emission
of DNA/Ag NCs could be enhanced more than 500 fold when brought into
close proximity to a guanine-rich DNA sequence (Yeh et al., Nano Letters,
10 (8): 3106-3110, 2010). Based on this finding, we developed a new type of
molecular probe (termed NanoCluster Beacon, NCB) that fluoresces upon tar-
get DNA binding. Compared to molecular beacons, NCBs require only a single
labeling step and do not rely on F [[Unable to Display Character: &#337;]]rster
energy transfer as fluorescence switching mechanism. Moreover, there is no
need to remove the silver nanocluster precursors (Agþ and BH4-) used during
